The optical band gap in 40 nm Ga 1Ϫx In x N/GaN single heterostructures is investigated in the composition range 0ϽxϽ0.2 by photoreflection spectroscopy ͑PR͒ at room temperature and compared with photoluminescence ͑PL͒ data. Clear PR oscillations at the GaInN band gap are observed as originating in the large piezoelectric field. Effective band gap bowing parameters b are derived for pseudomorphically stressed GaInN on GaN: bϭ2.6 eV ͑PR͒ and bϭ3.2 eV ͑PL in localized states͒. Using experimental deformation potentials of GaN, bϭ3.8 eV is extrapolated for the optical band gap in relaxed GaInN material. Previously reported smaller values are discussed.
Considerable progress has been made in the heteroepitaxy of group-III nitrides.
1,2 Acting as the active layer in a number of new devices such as light emitting and laser diodes the optical and electronic properties of thin ternary GaInN layers embedded, i.e., in GaN barriers, have become subject of active discussion. 3 A key issue in this is the value of the optical band gap as a function of the composition. Interpolations of the binaries with bowing parameters ranging from 1 ͑Ref. 4͒ to 4.1 eV ͑Ref. 5͒ have been reported.
In GaInN/GaN single heterostructures we recently reported the observation of strong Franz-Keldysh oscillations in photoreflection ͑PR͒ spectroscopy as direct evidence of the presence of a large constant electric field of the order of 0.6 MV/cm. 6, 7 Proposed by Takeuchi et al. biaxial compressive strain in pseudomorphic growth of GaN/GaInN/GaN quantum well structures would lead to large piezoelectric fields in the ternary layer 8 as evidenced by a quantum confined Stark effect in luminescence. 9 Here we report an analysis of the optical band gap in pseudomorphically strained Ga 1Ϫx In x N/GaN (0ϽxϽ0.2) single heterostructures in a wide range of application relevant InN fractions x.
A set of samples was grown in metalorganic vapor phase epitaxy ͑MOVPE͒ on ͑0001͒ sapphire substrates using low temperature deposited AlN buffer layers. 8, 10, 11 Ternary layers at a thickness of 40 nm were grown onto 2 m GaN under the following fluxes: TMGa 2 mol/min, TMIn 0.3-12 mol/min, NH 3 2 slm and temperatures of 680-780°C. Pseudomorphic growth conditions and x were determined from high resolution x-ray diffraction of a and c lattice constants taking into account the deformation of the unit cell. 8 PR at room temperature was performed using a Xe-arc lamp as a white light source in near-to-perpendicular reflection. Photomodulation was performed by a 40 mW 325 nm HeCd laser. The ac signal component was normalized to the dc signal forming ⌬R/R. The phase was fixed to the phase of the PL. PL under identical conditions was performed using the 325 nm HeCd laser. Our interpretation is based on the linear interpolation of the lattice constant for unstrained material ͑Vegard's law͒ and the linear interpolated values of the elastic constants ͑in 10 11 dyn/cm 2 ͒: c 13 ϭ11.4 ͑9.4͒, c 33 ϭ38.1 ͑20.0͒ in GaN ͑InN͒, respectively. 8 PR spectra (Tϭ300 K) as a function of the derived x of a set of 13 samples is presented in Fig. 1 ͑y is offset for clarity͒. For completeness the measured c-lattice constants are given along with the interpreted x values (xϭϪ5.823 Ϫc 1.122/Å, aϭ3.182 Å͒. At 363 nm ͑3.42 eV͒ and 368 nm ͑3.37 eV͒ a double signal indicates the excitonic band gap of the GaN layer underneath the stressed layer. The dominant oscillation, however, is ascribed to the density of states ͑DOS͒ band gap in the GaInN layer. For increasing x the band gap decreases in energy and within the whole set of spectra a clear trend towards a larger oscillation period is observed. 12 As shown in Refs. 6 and 7 the strong and to a great extent the symmetric PR signal is very broad in energy and does not contain any indication of the presence of excitonic features. Instead it is part of the oscillations induced by the Franz-Keldysh effect in the presence of a large electric field producing several extrema in the vicinity of the DOS band gap. The band gap energy E g corresponds to the dominant minimum in the GaInN PR signal. We note that in our interpretation, in contrast to Ref. 13 , the entire oscillation structure at the band gap is produced by the electric field rather than by a compositional splitting. Due to the high symmetry of the signal the DOS band gap energy is directly derived from the minimum energy. In Fig. 2 gap energies from PR together with PL peak energies 8 are shown versus the InN fraction (Tϭ300 K). We find the luminescence maximum with a redshift of some 50-120 meV with respect to the PR band gap. As discussed before on a limited set of samples 6, 7 this is attributed to the localization of the photocarriers into the electric field induced tailstates below the DOS band gap. For comparison PL vs x data from Ref. 4 is included ͑shown by crosses in Fig. 2͒ .
Here interpretation of x takes into account the deformation of the unit cell due to the large biaxial compression in the pseudomorphic growth. 10 We obtain a best least-square-fit description of the PR data for bϭ2.6 eV ͑pseudomorphic͒ ͑solid line in Fig. 2͒ . Describing the PL data a value of bϭ3.2 eV is found ͑dashed line in Fig. 2͒ .
The contribution of the biaxial strain shift in the band gap energy can be approximated by the values of the wellstudied case of GaN. We assume also that in GaInN under biaxial compression the band gap is defined by the the reported value bϭ1 eV ͑Ref. 4͒ possibly indicating that in that work the apparent composition xЈ was used instead of x and that despite the large thickness of 100-nm the films may not have been relaxed according to our findings. Early absorption data by Osamura et al. 19 can be described by b ϭ2 -3 eV when considering the range 0рxр0.2 while for 0рxр0.7 they propose bϭ1 eV. Significantly higher values bϭ2.9-4.4 eV have been reported recently in a small number of unstrained GaInN films in luminescence (0.07Ͻx Ͻ0.17) ͑Ref. 5͒ in reasonable agreement with our data.
In summary we have determined the optical band gap in Ga 1Ϫx In x N (0рxϽ0.2) as a function of x by photoreflection spectroscopy. At room temperature we find constant bowing parameters bϭ2.6 eV for pseudomorphically stressed GaInN/GaN and extrapolated to strain-free GaInN b ϭ3.8 eV. Luminescence data correspond to bϭ3.2 eV in the strained case. We find good agreement with experimental and reasonable agreement with recent theoretical data and provide a possible explanation for disagreeing results.
Note added in proof:
A recent absorption study limited to 0.05рxр0.12 is in good agreement with our findings for a wider range. 
